The use of porous membranes as culture support for epithelial cells has previously been shown to cause functional differentiation of these cells mimicking an in vivo condition, in contrast to culture on plastic. The different materials of which the membranes are made also have different properties, such as transparency, rigidity, and retention of molecules. Cydopore membranes (polyethylene terephtalate) are permeable, transparent, rigid, and have low protein retention. In this study we examined the applicability of assessing multiple parameters on a single culture of primary epithelial cells on a Cydopore membrane. Cultures of transitional epithelial cells on these membranes differentiate into an organoid-like epithelium. We were able to perform morphometric analysis during and after cell culture and to quantitate proliferation and differentiation by double immunoenzymatic staining. On these cultures, quantitative radiochemical analysis could also be achieved, retaining the morphology and the immunohistochemical staining. Cross-sections of paraffin-embedded and plastic-embedded cultures were analyzed qualitatively by light and transmission electron microscopy, respectively. Finally, cytokeratins in these ysis. This suitability for simultaneous assessment of both qualitative and quantitative parameters on a single cell culture grown on a Cyclopore membrane reduces the need of biological materials and may lead to better insight into physiological processes. (J Histochem Cytochem 42977-282, 1994)
Introduction
Several kinds of culture supports are available for in vitro study of proliferation and differentiation of epithelial and mesenchymal cells. To mimic in vivo conditions as closely as possible, culture substrates have been developed that are permeable to medium components. In contrast to cell cultures on conventional non-porous plastic, polarization and multilayering of cells grown on (extracellular matrix-coated) permeable membranes are observed, as these membranes allow diffusion of nutrients to both the basolateral and the apical side of the cells.
Collagen gels have often been used to improve in vitro culture conditions (13) . Disadvantages of the use of collagen gels as permeable culture substrates are their more complicated handling and their variation in molecular composition or structure. In addition to collagen gels, porous membranes made from a variety of materials have become increasingly available as culture supports to study morphology (4,9), transport of (pharmacological) agents across cell layers (7, Il) . co-cultivation of different cell types (14,16), and cell invasiveness (12).
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Correspondence to: Dr. W. I. de Boer, Dept. of Pathology, Erasmus University POB 1738, 3000 DR Rotterdam, The Netherlands. Porous membranes are composed of different materials such as cellulose ester, nylon, polycarbonate, and polyethylene terephtalate. The composition of these membranes, the pore density, and the pore size influence their properties with respect to transparency, rigidity, and retention of proteins. Their suitability for light and electron microscopy and for immunohistochemistry may vary accordingly. Porous polyethylene terephtalate membranes are transparent, permeable, and rigid. These membranes have been successful in supporting the functional differentiation of CaCo2 colon carcinoma cells ( 5 ) .
This study was designed to evaluate whether multiple quantitative and qualitative (morphological) parameters can be assessed simultaneously on organotypic cultures grown on polyethylene terephtalate (Cyclopore) membranes. The tested parameters include light (LM) and transmission electron microscopy (TEM) on crosssections, immunofluorescence, double-staining immunohistochemistry for proliferation and differentiation, morphometry, and liquid scintillation counting of incorporated tritiated thymidine.
Materials and Methods
Chemicals. Culture media and supplements were purchased from Flow Laboratories (Zwanenburg, Netherlands) and Sigma (St Louis, MO), respec-tively. Tkitiated thymidine was purchased from Amersham ('sHertogenbosch, Netherlands). Scintillation toluene, PicoFluor, and Ultima Gold were obtained from P a c h d (Groningen, Netherlands). Chain-specific antibody against cytokeratin 18 (RGE 53) was purchased from Organon Technica (0s. Netherlands). Chain-specific antibody against cytokeratin 19 (LP2K) and anti-BrdU antibody were kindly donated by Prof. Dr. F. C. S. Ramaekers (University of Maastricht, Maastricht, Netherlands).
Cells and Culture. Urinary bladders were dissected from 6-8-week-old female C3HlLaw mice and cut into halves. After washing the explants and wiping off excessive medium, the mucosal cell layer was stripped from the muscle layer and submucosa. The mucosal layer was spread on a Cyclopore membrane culture support (Falcon; Becton Dickinson, Mountain View, CA) with the basement membrane facing the support. Culture medium was added and refreshed on alternate days. The primary urothelial cell culture resulted from the cells spreading out of the mucosa. Standard medium consisted of a 1:l mixture of Dulbecco's modified Eagle's medium and Ham's F10, supplemented with 10% heat-inactivated fetal calf serum (FCS), 5 pglml insulin and transferrin, 50 nM hydrocortisone, 5 ng/ml selenite, 10 pM HEPES, 100 IUlml penicillin, and 100 pg/ml streptomycin. Cultures were incubated at 37'C in a humidified atmosphere of 5% COZ. Since the pore size and density may affect the cell number ( 5 ) , we tested the growth of primary epithelial cultures on three different types of 2.5-cm-diameter Cyclopore membranes: membranes with pore size of 0.45 pm and pore density of 1.6 x lo6 poreslun* or 1.0 x 10' poreslcm', and membranes with pore size of 1 w and 1.6 x lo6 pores/cm2. Of these, the high pore-density membranes were the least transparent. Optimal adhesion and subsequent outgrowth of epithelial cells were observed only for the membranes with pore size of 0.45 pm and 1.6 x lo6 pores/cm2. Urothelial explants frequently detached from the other types of Cyclopore membranes. Therefore, we used the latter type of membrane for this study.
[3H]-Thymidine and BrdU Incorporation. On termination of the culture, cells were first incubated with 40 pg/ml 5-bromo-2'-deoxyuridine (BrdU) in standard medium for 2 hr. Then this medium was replaced by standard medium containing 20 pCi [ 3H]-thymidine/ml without Ham's F10 and FCS, in which the cells were cultured for another 2 hr. Next, cells were rinsed with PBS, pH 7.2, with an excess of non-labeled thymidine. The incorporated radioactivity was counted in scintillation liquid using an u,pscintillation analyzer (Packard 2500 TR; Groningen, Netherlands), luminescence and color-quenching corrected, and expressed as countslmin (cpm) and disintegrationshin (dpm).
Immunohistochemistry and Immunofluorescence. Cultures were rinsed with PBS, pH 7.2, and fixed with ethanol 96% for at least 1 hr. Before the primary anti-BrdU antibody incubation, cultures were treated with HCI and Borax buffer as described (15). Chain-specific cytokeratin and BrdU expression were demonstrated with appropriate dilutions of the primary mouse monoclonal antibodies (MAb) in a conjugated immunoenzyme assay. Secondary rabbit anti-mouse MAb (DAKO; Etten Leur, Netherlands) were either peroxidase-conjugated or alkaline phosphatase-conjugated. Chromogens were 3,3'-diaminobenzidine tetrahydrochloride (DAB) (Fluka; Oud Beijerland, Netherlands) and the diazonium salt Fast red violet LB with naphthol AS-MX phosphate as coupling agent (Sigma), respectively. Azo dye visualization was done according to Burstone (1) . All incubations were done while membranes were floating upside down in the incubation mixture. Membranes were mounted in Euparal (ethanol-based) (Chroma; Stuttgart, EXG) on glass slides. Mounting in xylene-based Malinol solubilized the azo dyes, resulting in decolorizing of the red-stained culture. In fluorescence assays either fluorescein isothiocyanate (FIX)-conjugated or tetramethyhhodamine isothiocyanate (TRITC)-conjugated rabbit anti-mouse secondary MAb (DAKO) were used to examine cytokeratin expression. These membranes were embedded in PBS with glycerin and visualized with a conventional fluorescence microscope. Ethanol-fixed frozen sections of cytokeratin-positive mouse and human bladder served as control for cytokeratin-primary antibody binding and as control for specific antibody binding.
Transmission Elecuon Miamcopy. Confluent cultures were rinsed with PBS, pH 7.2, and fixed with 1.5% w/v glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4. After rinsing with cacodylate buffer, pH 7.4, cells were postfixed with 1% w/v os04 and 1.5 % w/v potassium ferrocyanide in cacodylate buffer. After dehydration with ethanol, cells were embedded in Epon (Zeiss; Weesp, Netherlands). Ultra-thin sections (0.02 pm) were contrasted on 200-mesh copper grids with uranyl acetate and lead nitrate. Sections were studied with a TEM (Zeiss EM902) at 80 kV.
Morphometry and Image Analysis. The edge of the outgrowth of the explant culture, as visualized by LM, was drawn by hand. The area of outgrowth drawn was measured by image analysis. Quantification of cytokeratinstained parts of the membrane or drawn outgrowth areas was also done with an image analyzer (IBAS 2000 Zeiss Kontron; Oberkochen, Germany). Cultures and drawn areas, respectively, were visualized with a Hitachi CCTV camera and images were analyzed with the supplied Kontron IBA9 version 4.4 software program. Cytokeratin-stained areas and outgrowth areas were calculated in mm2 and expressed as percentage of the maximal outgrowth area.
Results
The transparency of the Cyclopore membranes permitted daily measurement of the expansion of the primary urotheIial outgrowth from the inoculated mouse bladder mucosa explants ( Figure I ), as the advancing edges of the explant cultures were easy to distinguish. The sequence of procedures performed on the Cyclopore membranes covered by the confluently grown cultures are depicted in a flow chart ( Figure 2 ). The rigidity of the membranes enabled them to be cut into two or more parts. Fixation in ethanol or acetone for immunohistochemistry or in glutaraldehyde for E M did not affect the transparency of the membranes. Double immunoenzymauc staining was performed to simultaneously demonstrate nuclear reactivity for BrdU and cytoplasmic staining for cytokeratin 18 or 19. First, cytokeratin expression was visualized with the alkaline phosphatase-coupled secondary antibody, since the best contrast for image analysis was achieved with the chromogen Fast red violet. After mounting of the immunostained membranes on glass slides, LM examination was possible. At high-power magnification the large, superficially located cytokeratin 18-positive cells covered several non-stained underlying cells ( Figure 3A) . In contrast, the underlying smaller cells were mainly cytokeratin 19 positive ( Figure 3B ). This indicates that equal permeation of antibodies and reagents to all cell layers of the culture was possible. No adhesion of the immunohistochemical reaction products to the porous membranes occurred. The pores in the supporting membranes were, however, clearly visible due to the " t i o n oflight. As cytokeratin 18 was expressed in differen- tiated superficial cells, this expression could be used as a parameter for terminal differentiation of the culture. By image analysis, the relative cytokeratin 18-positive areas were quantitated, showing that about 42.7% of the superficial cells expressed cytokeratin 18 (Table 1) . After image analysis BrdU staining was performed with a peroxidase-coupled secondary antibody and DAB as chromogen. Proliferative activity could be localized and quantitated by visualizing and counting the BrdU-stained nuclei and by measuring the uptake of [3H]-thymidine (Eble l).
Alternatively, when cultures primed with primary antibodies against cytokeratin 18 or 19 were incubated with FITC-or TRITCconjugated secondary antibodies, a clear cytokeratin expression pattern was observed (Figure 4 ) similar to the pattern shown in Figure  3 . Compared with the specific signal, the background fluorescence derived from the membrane or pores in the membrane was low for both types of fluorescent dyes, even at high magnification ( x 1000).
To visualize the immunostaining on cross-sections after liquid scintillation counting of the membranes, it was necessary that the precipitated chromogens would not dissolve by immersion in the scintillation liquid. Several brands of scintillation liquids were tested. Scintillation toluene and, to a lesser extent, PicoFluor did destain the cultures, but Ultima Gold did not. No differences in counting efficiency were observed for the culture tested: the number of cpm and the concurrent dpm were similar within a given culture regardless of the type of scintillation liquid and quantity of incorporated radioactivity (Eble 2). Furthermore, background levels of blank membrana cxposed to [3H]-thymidine and of non-exposed blank membranes were low, indicating low retention of thymidine by these membranes.
After measurement of radioactivity. the membranes were embedded in paraffin and cross-sections of the immunostained cultures were made perpendicular to the membrane. The rigidity of the membranes was sufficient for the cutting, and no shrinking of the membrane, causing disruption of the cultures, was observed. In cross-sections the BrdU-stained nuclei were found in the basal cell layer, while cytokeratin 18-stained cells covered the cell culture. The best results for photography were obtained when BrdU staining (with Fast red violet as chromogen) was performed before cytokeratin staining (with DAB as chromogen) (Figure 5 ). This sequence resulted in more intense BrdU staining. A slight solubilization of the azo dye precipitate. but not the polymerized DAB, occurred during the process of removing the paraffin with petroleum benzine.
TEM on the epithelial cells covering the membrane could be performed without the need to separate the culture from the porous membrane. In ultra-thin cross-sections the multilayered cell culture and preserved cell organelles could be visualized. The membrane detached from the cell layers during ultra-thin sectioning. Figure 6A shows a culture consisting of a layer of smaller basal cells, the cuboid intermediate cell layer. and the thin superficial cell layer. (6). This multilayering and differentiation of epithelial cells has also been observed with other porous membranes (16). but not with plastic dishes (4). Therefore. the permeability of the membrane enables medium components also to reach the basolateral side of the cells, resulting in an optimal culture system, in contrast to plastic dishes. The transparency of the Cyclopore membranes is an advantage over cellulose acetate or polycarbonate membranes when morphometric analysis is to be performed both during and after cultivation. Furthermore, the 0.45 vm-pore size Cyclopore membranes are more rigid than Transwell-COL membranes. As a consequence. the Cyclopore membranes do not crinkle when cut from the insert ring or during embedding in paraffin or plastic. in contrast to Transwell-COL membranes (2) . Therefore, one membrane can be easily divided into more pieces for different fixations without damage to the culture. If cultures are fixed with acetone. the Transwell-COL membranes but not the Cyclopore membranes also have the disadvantage that the membranes separate from the insert ring resulting in crinkling of the membrane. A disadvantage of the Cyclopore membrane is its impermeability to Epon. resulting in detachment of the membrane during ultra-thin sectioning for 'EM. although this artifact has no consequence for visualization of the culture by E M .
From previous studies it is apparent that immunohistochemistry cannot be performed on all types of porous membranes. With nitrocellulose membranes, Butor et al. (3) showed that immuno- ground (10) . The present study demonstrates that immunohistochemistry can be performed on Cyclopore membranes with low retention of immunohistochemical compounds. Although cultures were multilayered, good access to basal cell layers was achieved, as visualized for BrdU staining in the basal cells. Supporting evidence for good access to all cell layers was also provided by staining of cytokeratin 19 in basal and intermediate cell layers (not shown).
When antibodies conjugated to fluorescent dyes are used with polycarbonate membranes, light is diffracted by the pores in the membrane, necessitating the use of a confocal laser scanning microscope (3). Since Cyclopore membranes also contain pores that diffract light in a conventional LM, we expected similar problems for these membranes, although our results showed that FITC-or TRITC-labeled antibodies bound specifically to anti-cytokeratin antibodies. A clear distinction between fluorescence in superficial and basal cells could be made. Furthermore, the fluorescence background of the membrane was low and the pores in the membrane barely quenched the fluorescence signal. This demonstrates that Cyclopore membranes are also useful in fluorescence assays.
Measurement of the cellular incorporation of isotopes has been performed previously on cells cultured on Transwell-COL membranes; these cells were scraped off of the membranes (8, 17) . In this study we showed that liquid scintillation counting can be performed on cultures that are still attached to the membrane. Prerequisites for effective scintillation analysis on membrane-attached cells are the resistance of the membrane to the scintillation liquid and the transparency of the membrane in the scintillation liquid, because non-transparent membranes will undoubtedly quench the scintillation measurement. The immunohistochemical azo dye stainings are solubilized in toluene scintillation liquid or PicoFluor, but this could be prevented by using Ultima Gold as scintillation liquid. In contrast, the DAB stainings are not affected by either scintillation liquid (not shown). In conclusion, the use of porous membranes, in particular Cyclopore membranes, offers the opportunity to obtain a single differentiated, organoid-like cell culture on which several different parameters can be assessed. These parameters can either be quantified (e.g., morphometry, counting of nuclei or incorporation of radiochemicals) or used to assess qualitative aspects of the culture (e.g., immunofluorescence, cross-sectioning, and TEM). In turn, this multiparameter analysis on one cell or cell culture may help to provide better insight into physiological (interkelMar processes. The analysis of several parameters on one single cell culture reduces the need for biological material.
